Traumatic brain injury (TBI) is a risk factor for developing chronic neurodegenerative diseases including chronic traumatic encephalopathy (CTE), dementia pugilistica, pugilistic parkinsonism, and Alzheimer\'s disease (AD).[@i1552-5783-60-7-2716-b01] Mild TBI (mTBI) due to low-level exposure to explosive blast waves (blast TBI) can initiate multiple pathological mechanisms leading to chronic dysfunction of the central nervous system (CNS) and increased risk for posttraumatic stress disorder (PTSD) in veterans returning from the battlefield.[@i1552-5783-60-7-2716-b02],[@i1552-5783-60-7-2716-b03] A history of exposure to one or more blast TBI is common among military personnel---nearly 75% of combat-related injuries in recent military conflicts were due to explosive devices,[@i1552-5783-60-7-2716-b04] and approximately 50% of such blast injuries resulted in mTBI.[@i1552-5783-60-7-2716-b05] Despite the high prevalence of blast exposure in veterans, the type, severity, and chronicity of functional deficits and neuropathological changes after blast TBI are not well understood.[@i1552-5783-60-7-2716-b02]

Individuals exposed to a TBI often have dysfunction of multiple sensory systems, including vision, olfaction, and auditory perception, which can persist chronically.[@i1552-5783-60-7-2716-b06] Sensory system dysfunction is present after blast injury and can persist chronically following exposure,[@i1552-5783-60-7-2716-b07] and the severity of dysfunction increases with cumulative blast exposure.[@i1552-5783-60-7-2716-b08] Visual system pathology is particularly common after blast TBI in humans and experimental models.[@i1552-5783-60-7-2716-b09] In line with this, visual deficits manifest immediately after blast TBI and tend to persist over time in preclinical blast TBI models. In rats exposed to blast overpressure by a shock tube device, immediate visual dysfunction was observed with delayed structural pathology in the cornea and lens,[@i1552-5783-60-7-2716-b10] and significant visual and retinal changes persisted months after injury.[@i1552-5783-60-7-2716-b11] These findings were consistent with other models of rodent single or multiple blast TBI that reported sustained visual system impairment.[@i1552-5783-60-7-2716-b12][@i1552-5783-60-7-2716-b13]--[@i1552-5783-60-7-2716-b14] Preclinical studies at least partially replicate early and persistent visual dysfunction reported in veterans exposed to one or more blast TBI.[@i1552-5783-60-7-2716-b15],[@i1552-5783-60-7-2716-b16]

In addition to injury, visual dysfunction can be caused by neurodegenerative disease. AD patients often report visual problems, including decreased contrast sensitivity, visual acuity, and perception of motion and color, which can impact complex visual--cognitive tasks.[@i1552-5783-60-7-2716-b17][@i1552-5783-60-7-2716-b18]--[@i1552-5783-60-7-2716-b19] It was suggested that changes in visual structure and function may be useful as early biomarkers that precede the onset of cognitive decline in AD patients.[@i1552-5783-60-7-2716-b20],[@i1552-5783-60-7-2716-b21] The visual system dysfunction experienced by AD patients could be due to changes in retina[@i1552-5783-60-7-2716-b22] or amyloid pathology in association visual cortex[@i1552-5783-60-7-2716-b23] or both. The degree to which retinal dysfunction observed from blast TBI exposure resembles what is reported in AD is not known and requires further investigation because of the documented risk of developing neurologic disease after brain injury. This is particularly true of athletes in contact sports and veterans exposed to mTBI, including blast TBI, where an increasing number of studies have linked neuropsychological and pathological changes after injury to the characteristics of a wide spectrum of chronic neurodegenerative diseases.

Proteolysis of amyloid precursor protein (APP) into its metabolic product amyloid beta (Aβ), in addition to tau protein, gives rise to histopathological characteristics of AD, and these molecules are implicated in the pathological cascades linking TBI to AD and CTE (for reviews see Refs. [@i1552-5783-60-7-2716-b24] and [@i1552-5783-60-7-2716-b25]). There are postmortem studies of humans and experimental animals that consistently show APP accumulation in damaged axons and dysregulated tau in the somatodendritic compartment of neurons and glia following TBI.[@i1552-5783-60-7-2716-b26][@i1552-5783-60-7-2716-b27][@i1552-5783-60-7-2716-b28][@i1552-5783-60-7-2716-b29]--[@i1552-5783-60-7-2716-b30] Using anti-APP immunohistochemistry, marked axonopathy and APP accumulation was observed in veterans with blast TBI[@i1552-5783-60-7-2716-b28] and rats exposed to blast.[@i1552-5783-60-7-2716-b29] Phosphorylated tau and cleaved tau were also elevated after blast exposure in adult wild-type (WT) mice.[@i1552-5783-60-7-2716-b31]

Collectively, these data point to a role of Aβ and tau molecules in developing a polypathology characteristic of a chronic neurodegenerative amyloidosis and tauopathies. Evaluation of blast TBI-induced pathological cascades involving APP, Aβ, and tau in relation to those typically observed in chronic neurodegenerative diseases with dementia in an experimental setting is needed. Recently, we and others[@i1552-5783-60-7-2716-b10][@i1552-5783-60-7-2716-b11][@i1552-5783-60-7-2716-b12][@i1552-5783-60-7-2716-b13]--[@i1552-5783-60-7-2716-b14] demonstrated long-term functional and structural visual deficits in rodents subjected to blast TBI by a shock tube device. In the current work we extend these studies to determine if the combination of genetic risk factors to develop AD and blast TBI modifies the progression of retinal damage and dysfunction as well as accelerated brain amyloidosis in the APPswePSENd19e mouse model of AD.

Methods {#s2}
=======

Animals {#s2a}
-------

All animal procedures were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Iowa City Department of Veterans Affairs Institutional Animal Care and Use Committee. The APPswePSENdE9 (B6C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax, abbreviated APP/PS1 in this report) mouse model of AD-like amyloidosis[@i1552-5783-60-7-2716-b32],[@i1552-5783-60-7-2716-b33] was purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Male and female mice (8--12 weeks of age at time of injury; *n* = 65, females denoted where utilized) were exposed to a single blast injury or sham injury and divided into four groups: (1) APP/PS1 transgenic animals exposed to a sham blast TBI (TG-Sham), (2) APP/PS1 transgenic animals exposed to blast TBI (TG-Blast), (3) nontransgenic littermates exposed to sham blast (Non-TG-Sham), and (4) nontransgenic littermates exposed to blast (Non-TG-Blast). The APP/PS1 mouse model was chosen because the age of onset of amyloid pathology is between 5 and 6 months, and because progressive increases in amyloid pathology are observed in mice up to age 12 months and beyond. This time course of amyloid deposition allows for studies of effects of TBI in young adult mice prior to onset of amyloid pathology (as well as at the onset and after the onset) and evaluation of effects of TBI on amyloid pathology over extended survival intervals after injury. Mice in group 4 (nontransgenic littermates exposed to blast) underwent the two primary outcome measurements, pattern-evoked electroretinography, and spectral-domain optical coherence tomography only (see below). Analyses of Aβ immunoreactivity could not be performed on these mice because unlike their transgenic littermates, nontransgenic mice do not overproduce Aβ and consequently levels of endogenous mouse Aβ are at the limits of detection of the histologic procedures used in this study.

Blast Injury Induction {#s2b}
----------------------

An enclosed blast chamber was used for the purpose of these studies, one-half of which was pressurized, with a 13-cm diameter opening between the chamber halves, as described previously.[@i1552-5783-60-7-2716-b14],[@i1552-5783-60-7-2716-b34] A Mylar membrane (Mylar A, 0.00142 gauge; Country Plastics, Ames, IA, USA) was placed over the opening on the pressurized side of the chamber. The unpressurized side of the tank contained a padded polyvinyl chloride (PVC) protective restraint for positioning of an anesthetized mouse 30 cm from the Mylar membrane (see Ref. [@i1552-5783-60-7-2716-b14] for diagram). To create the blast wave, air was pumped into the pressurized side of the tank to 20 psi, the pressure at which the membrane ruptures. Using this model, a blast wave is produced with the following characteristics: 137.8 ± 1.3 kPa at the point of exposure (head only) and with a 10- to 15-ms blast duration.[@i1552-5783-60-7-2716-b35] The pressure was calculated by using a sensor 1 cm in diameter placed directly below the head of the mouse. Prior to blast wave induction, mice were anesthetized with a combination of ketamine (0.03 mg/g body weight, intraperitoneal, IP) and xylazine (0.005 mg/g body weight, IP) and positioned within the unpressurized half of the blast chamber with the left side of the head oriented toward the source of the blast wave. Only the head of the mouse was exposed to the blast wave, with the rest of the body shielded. The head of the mouse was unrestrained during blast wave exposure. After blast or sham-blast exposure, mice were placed on a heating pad to facilitate recovery from general anesthesia and to prevent hypothermia. Xylazine anesthesia was reversed with yohimbine chloride (0.001 mg/g, IP) to facilitate the recovery from anesthesia. Non--blast-exposed mice were anesthetized and placed in the blast chamber, but did not receive a blast exposure (referred to as sham blast). Blast TBI and sham groups of mice received analgesic via subcutaneous injection (0.1 mL/20 g body weight) of buprenorphine (0.003 mg/mL) immediately after recovery from the procedure.

Pattern-Evoked Electroretinography {#s2c}
----------------------------------

Pattern-evoked electroretinography (PERG) was used to objectively measure RGC function 2 months following blast TBI or sham blast. Baseline measurements were obtained 1 week prior to blast exposure, and follow-up exams were performed 2 months following blast exposure. Anesthetized mice were positioned on a temperature-controlled platform with the eye of each mouse positioned 10 cm from the video monitor on which stimuli were displayed. All recordings were obtained from the eye facing the blast wave (i.e., the left eye). Recordings from the right eye were not reported as that eye was facing the padded portion of the holder, and interaction of the blast wave with this surface cannot be excluded. Pattern ERG responses were evoked using alternating, reversing, black and white vertical stimuli displayed on an LED monitor (Jorvec, Miami, FL, USA). A recording electrode was placed subcutaneously on the snout of the animal equidistant from each eye as previously described.[@i1552-5783-60-7-2716-b36] A reference needle electrode was placed subcutaneously at the base of the head, and a ground electrode was placed subcutaneously at the base of the tail to complete the circuit. All animals were placed equivalently in a fixed position in front of the monitors to prevent recording variability due to variation in animal placement. Stimuli (18° radius visual angle subtended on full-field pattern, two reversals per second, 372 averaged signals with cutoff filter frequencies of 1 to 30 Hz, 98% contrast, 80 cd/m^2^ average monitor illumination intensity using luminance-matched pattern reversals to exclude outer retinal contributions) were delivered under mesopic conditions without dark adaptation. A diffuser placed over the pattern on the monitor also did not elicit a measurable evoked potential, further ensuring that the electrical responses were elicited from retinal ganglion cells (RGC). The PERG response was evaluated by measuring the amplitude (peak to trough) and implicit time of the waveform, as previously described.[@i1552-5783-60-7-2716-b14],[@i1552-5783-60-7-2716-b37]

Chromatic Pupil Light Reflex {#s2d}
----------------------------

The anterior afferent cPLR was tested using a small animal pupilometer (NeurOptics, Irvine, CA, USA). Mice were dark adapted for 30 minutes, and lightly anesthetized using a combination of ketamine (0.046 mg/g, IP) and xylazine (0.0046 mg/g, IP) in the dark. Mice were placed on a platform and given sequential light stimulations. The light stimulation in scotopic room lighting was a 1-second blue 465- to 470-nm light 0.00 log (1 lux), followed by 15 seconds off. Averages of three stimulation profiles are presented. Baseline measurements were obtained 1 week prior to blast exposure, with follow-up analysis occurring 2 months post blast exposure.

Spectral-Domain Optical Coherence Tomography {#s2e}
--------------------------------------------

Spectral-domain optical coherence tomography (SD-OCT) analysis was performed 2 months following blast TBI or sham procedure using a Spectralis SD-OCT (Heidelberg Engineering, Vista, CA, USA) imaging system coupled with a 25 D lens for mouse ocular imaging (Heidelberg Engineering). Anesthetized mice were placed on a temperature-controlled platform and pupils were dilated using a 1% tropicamide solution. The cornea was moisturized with a saline solution applied every 20 to 30 seconds during the procedure. Volume scans (49-line dense array) positioned directly over the optic nerve head were performed to quantify the RGC complex (inner plexiform layer + ganglion cell layer + retinal nerve fiber layer) thickness. Scans were analyzed by an individual masked to the treatment of the mouse in the superior and inferior central retina, approximately 150 μm from the peripapillary region. All scans were analyzed by excluding blood vessels from the thickness calculation. Baseline measurements were obtained 1 week prior to blast exposure, with follow-up analysis occurring 2 months post blast exposure.

Balance Beam {#s2f}
------------

Vestibulomotor function was examined using the balance beam test 2 months post blast injury. A beam 1 cm in diameter and 40 cm long was used in these experiments. Mice were trained for 3 days to traverse the span of the beam to obtain a food reward. A probe trial was conducted on the fourth day. An experimenter naïve to the treatment and genotype of each mouse counted the number of hindlimb errors (slips or misplacements made by the mouse).

Histopathology of Brain and Retina {#s2g}
----------------------------------

Mice were deeply anesthetized with carbon dioxide, perfused with normal saline (0.9% NaCl in distilled water), and killed by decapitation. For each animal, the left eye was dissected and immersion-fixed in 4% paraformaldehyde (4% PFA) made in 0.1 M sodium phosphate buffer (PB, pH 7.4) for 24 hours. The retinas of a subset of 4% PFA-fixed eyes were dissected and prepared as retina whole mounts. The remaining 4% PFA-fixed eyes were embedded in paraffin and cut into 8-μm sections. Brains were extracted from saline-perfused mice and bisected into left and right hemispheres. The left hemisphere was immersion-fixed in 4% PFA, cryoprotected in graded sucrose solutions (15% and 30% made in PB, pH 7.4), and cut coronally at 40 μm through the rostrocaudal extent of the cerebral cortex on a freezing sledge microtome. Every fifth section through the extent of the cerebral cortex was collected for analysis resulting in 10 to 12 sections per mouse, with all major cortical areas included in the analysis. Sections were processed using immunohistochemistry (IHC) and polyclonal antibodies specific for Aβ40 or Aβ42 peptides (AB5074P and AB5078P; Millipore, St. Louis, MO, USA),[@i1552-5783-60-7-2716-b38] as well as the Aβ/APP antibodies clone 6E10 (SIG39320; Covance, Dedham, MA, USA) and 4G8 (SIG39220, Covance), which target epitopes within Aβ amino acids 4 to 13 and 17 to 24, respectively. Positive controls for each Aβ antibody were included in all immunohistochemical experiments and consisted of sections of frontal cortex from a case with severe AD (male, 68 years, Braak stage VI) and from a 12-month-old male APP/PS1 mouse. Retinal whole mounts, eye cross sections, and brain sections were also processed using the pan amyloid dye, X-34 (a highly fluorescent derivative of Congo red)[@i1552-5783-60-7-2716-b39] and the antibodies listed above. Brain sections processed for quantitative Aβ IHC were analyzed by light microscopy. Grayscale digital images were acquired at ×10 magnification, and composites of the entire left hemisphere cerebral cortex were constructed. Percent area coverage of amyloid plaques (plaque load) was then calculated using a standardized region of interest grayscale thresholding analysis[@i1552-5783-60-7-2716-b40] using ImageJ freeware,[@i1552-5783-60-7-2716-b41] and modified algorithms to automate the procedure. In secondary analyses, plaque load values were calculated separately in male and female mice, and separately for primary/association visual cortex and remaining ("nonvisual") cortex. Data were expressed as percent area coverage, corresponding to the total amount of area covered with amyloid deposits relative to area of cerebral cortex.[@i1552-5783-60-7-2716-b42] Retinal whole mounts and cross sections were examined qualitatively.

Histology and Microscopy of Optic Nerve {#s2h}
---------------------------------------

Blast-exposed and sham-blast mice were deeply anesthetized with carbon dioxide, lightly perfused with normal saline, and euthanized by decapitation. Optic nerves were removed and placed at 4°C for 16 hours in half-strength Karnovsky\'s fixative (2% paraformaldehyde, 2.5% gluteraldehyde in 0.1 M sodium cacodylate). Nerves were rinsed in 0.1 M Na cacodylate buffer, postfixed with 1% osmium tetroxide for 1 hour, and dehydrated with a series of 40-minute incubations in graded acetone. Nerves were infiltrated overnight at 4°C in 33%, 66%, and 100% resin (Low Viscosity Spurr Epoxy Resin; Ted Pella, Redding, CA, USA) diluted in propylene oxide. Specimens were embedded in 100% resin and 1-μm cross sections were cut, transferred to glass slides, stained with 1% paraphenylenediamine (PPD), and mounted to glass slides (Permount; Fisher Scientific, Pittsburgh, PA, USA). Light micrograph images were obtained with an Olympus BX-52 microscope (Cedar Valley, PA, USA) at total magnifications of ×100 and ×1000.

Grading of Optic Nerve Damage {#s2i}
-----------------------------

Assessment of levels of damage in optic nerves was performed using a three-level grading scale (1, mild; 2, moderate; 3, severe) as previously described.[@i1552-5783-60-7-2716-b43],[@i1552-5783-60-7-2716-b44] Light micrographs of optic nerves were assessed by two independent investigators who were blinded to both the identity of the nerves and the scores given by the other investigator. Investigators assigned the same score for 77% of the nerves and different scores for 23% of nerves. In these cases of damage grade disagreement, a third investigator, blinded to both the identity of nerves and scores given by the first two investigators, assigned a third damage grade, and the most common grade (among all three investigators) was used in the final grading for each nerve specimen.

Statistical Analysis {#s2j}
--------------------

Results are expressed as mean ± SEM unless otherwise indicated. Statistical comparisons were performed using Graphpad Prism (version 4.0; Graphpad Software, San Diego, CA, USA) using both paired *t*-tests and ANOVA testing. Aβ plaque load values for sham and blast-exposed groups were compared using the Mann-Whitney *U* test since the data were not normally distributed (D\'Agostino and Pearson normality test). Optic nerve analysis was performed using Kruskal-Wallis and post hoc Dunn\'s test for multiple comparisons.

Results {#s3}
=======

Balance Beam Test {#s3a}
-----------------

Mice were trained on the balance beam prior to exposure to blast TBI or sham surgery. Performance on the balance beam was tested 2 months after the sham or blast procedure ([Fig. 1](#i1552-5783-60-7-2716-f01){ref-type="fig"}): Non-TG-Sham mice made 4.23 ± 0.35 errors, TG-Sham mice made 6.57 ± 0.65 errors, and TG-Blast mice made 9.67 ± 1.18 errors. Statistical analysis revealed no differences between Non-TG-Sham mice and TG-Sham mice (*P* = 0.1037, *q* = 2.94, degrees of freedom \[*df*\] = 49, 1-way ANOVA with Tukey\'s multiple comparison test). TG-Blast mice made significantly more errors compared to both Non-TG-Sham mice (*P* \< 0.0001, *q* = 6.87, *df* = 49, 1-way ANOVA with Tukey\'s multiple comparison test) and TG-Sham mice (*P* = 0.0231, *q* = 3.86, *df* = 49, respectively, 1-way ANOVA with Tukey\'s multiple comparison test).

![Blast exposure results in loss of coordinated motor function in APP/PS1 transgenic (TG) mice. Balance beam analysis showed increased foot placement errors in TG-Blast mice compared to Non-TG-Sham (P \< 0.0001, 1-way ANOVA with Tukey\'s multiple comparison test) and TG-Sham mice (P = 0.0231, 1-way ANOVA with Tukey\'s multiple comparison test) 60 days after injury. There was no significant difference between TG-Sham and Non-TG mice (P = 0.1037, 1-way ANOVA with Tukey\'s multiple comparison test).](i1552-5783-60-7-2716-f01){#i1552-5783-60-7-2716-f01}

Pattern-Evoked Electroretinography {#s3b}
----------------------------------

Baseline PERG measurements were obtained for all mice 1 week prior to injury ([Fig. 2](#i1552-5783-60-7-2716-f02){ref-type="fig"}A). The baseline PERG amplitudes prior to sham or blast injury were 21.91 ± 1.98 μV (Non-TG-Sham, *n* = 7), 22.71 ± 2.49 μV (Non-TG-Blast, *n* = 11), 17.60 ± 0.78 μV (TG-Sham, *n* = 10), and 18.12 ± 1.55 μV (TG-Blast, *n* = 12). There were no significant differences in baseline PERG responses between groups (1-way ANOVA, *P* = 0.1268, *F* = 2.03, *df* = 3.36). A significant difference was observed between PERG responses 2 months following sham or blast (1-way ANOVA, *P* = 0.028, *F* = 3.403, *df* = 3.35). PERG amplitudes were 20.14 ± 1.17 μV (Non-TG-Sham), 18.08 ± 2.95 μV (Non-TG-Blast), 20.04 ± 2.8 μV (TG-Sham), and 11.52 ± 1.45 μV (TG-Blast), with the TG-Blast group having significantly lower PERG responses compared to the TG-Sham (1-way ANOVA with Tukey\'s multiple comparison test, *P* = 0.044, *q* = 3.89, *df* = 35). There were no significant differences between baseline and 2-month follow-up PERG values for TG-Sham (paired *t*-test, *P* = 0.4287, *t* = 0.8288, *df* = 9), Non-TG-Sham (paired *t*-test, *P* = 0.4688, *t* = 0.7731, *df* = 6) or Non-TG-Blast (paired *t*-test, *P* = 0.3751, *t* = 0.9331, *df* = 9) groups. There was, however a significant decrease in PERG responses from baseline to 2-month follow-up in the TG-Blast group (paired *t*-test, *P* = 0.0329, *t* = 2.44, *df* = 11).

![Blast-induced visual functional loss in APP/PS1 transgenic (TG) mice 2 months following blast exposure. (A) Analysis of preblast and postblast PERG responses shows no significant difference in the amplitude of Non-TG-Sham mice (P = 0.4688, paired t-test), Non-TG-Blast mice (P = 0.3751, paired t-test), and TG-Sham mice (0.4287, paired t-test). There was, however, a significant decrease in the PERG amplitude in APP/PS1 mice exposed to blast (TG-Blast, P = 0.0329, paired t-test). (B) Analysis of the pupil light reflex showed no difference in comparison of the percentage of pupil constriction baselines and subsequent analysis after 2 months for Non-TG-Sham mice (P \> 0.99, paired t-test) or TG-Sham mice (P = 0.27, paired t-test). There was a significant reduction in the baseline measurements of the percentage of pupil constriction and subsequent analysis 2 months later in the TG-Blast group (P = 0.0185, paired t-test).](i1552-5783-60-7-2716-f02){#i1552-5783-60-7-2716-f02}

Chromatic Pupil Light Reflex {#s3c}
----------------------------

Baseline percent pupil constrictions obtained 1 week prior to injury after stimulation with light were 36.57 ± 1.88% (Non-TG-Sham, *n* = 7), 31.6 ± 2.82% (TG-Sham, *n* = 10), and 36.8 ± 1.32% (TG-Blast, *n* = 10, [Fig. 2](#i1552-5783-60-7-2716-f02){ref-type="fig"}B) with no significant differences among the groups (1-way ANOVA, *P* = 0.168, *F* = 1.92, *df* = 2.24). Two months following sham or blast procedure, the pupil constriction percentages after stimulation were 36.57 ± 2.16% (Non-TG-Sham), 28.1 ± 2.63% (TG-Sham), and 30.70 ± 2.09% (TG-Blast). There was not a significant difference between baseline and 2-month follow-up values for the TG-Sham (paired *t*-test, *P* = 0.27, *t* = 1.15, *df* = 9) or the Non-TG-Sham (paired *t*-test, *P* \> 0.99, *t* = 0, *df* = 6) groups. However, the TG-Blast group had a significant decrease from baseline to 2-month follow-up (paired *t*-test, *P* = 0.0185, *t* = 2.87, *df* = 9).

Optical Coherence Tomography {#s3d}
----------------------------

The RGC complex thickness from each group was quantified 2 months after blast or sham exposure in the superior ([Fig. 3](#i1552-5783-60-7-2716-f03){ref-type="fig"}A) and inferior retina ([Fig. 3](#i1552-5783-60-7-2716-f03){ref-type="fig"}B). Analysis of the superior retina revealed thicknesses of 74.36 ± 1.19 μm (Non-TG-Sham, *n* = 7, [Fig. 3](#i1552-5783-60-7-2716-f03){ref-type="fig"}C), 73.5 ± 1.02 (Non-TG-Blast, *n* = 12, [Fig. 3](#i1552-5783-60-7-2716-f03){ref-type="fig"}D), 76.71 ± 2.50 μm (TG-Sham, *n* = 6, [Fig. 3](#i1552-5783-60-7-2716-f03){ref-type="fig"}E), and 64.65 ± 3.31 μm (TG-Blast, *n* = 5, [Fig. 3](#i1552-5783-60-7-2716-f03){ref-type="fig"}F) groups. A significant decrease was detected in the TG-Blast group compared to the TG-Sham (*P* = 0.0018, *q* = 5.84, *df* = 26), Non-TG-Sham (*P* = 0.0101, *q* = 4.86, *df* = 26), and the Non-TG-Blast (*P* = 0.0099, *q* = 4.87, *df* = 26) (all 1-way ANOVA with Tukey\'s multiple comparison test) groups. Inferior retina thickness was 74.38 ± 0.93 μm for Non-TG-Sham, 73.95 ± 2.08 μm for TG-Sham, and 67.98 ± 4.37 μm for TG-Blast group, with no significant differences among the groups (*P* \> 0.05 for all groups, 1-way ANOVA with Tukey\'s multiple comparison test).

![Blast exposure results in the loss of superior retinal thickness in APP/PS1 transgenic (TG) mice. Analysis of retinal OCT scans in the superior (A) retina demonstrated there was a significant decrease in the thickness of the RGC complex in TG-Blast mice compared to Non-TG-Sham mice (P = 0.0101, 1-way ANOVA with Tukey\'s multiple comparison test), Non-TG-Blast (P = 0.0099, 1-way ANOVA with Tukey\'s multiple comparison test), or TG-Sham (P = 0.0018, 1-way ANOVA with Tukey\'s multiple comparison test). There was not a significant difference in TG-Sham mice compared to Non-TG-Sham mice (P \> 0.05, 1-way ANOVA with Bonferroni\'s multiple comparison test). No significant difference was observed in the inferior retina (B), although there was a trend toward reduced RGC complex thickness in TG-Blast mice. Representative SD-OCT images of the superior retina for each group are shown (C--F).](i1552-5783-60-7-2716-f03){#i1552-5783-60-7-2716-f03}

Analysis of the Optic Nerve {#s3e}
---------------------------

Optic nerve (ON) integrity in each group was quantified 2 months after blast or sham blast using a rating procedure outlined in Methods. The average ON scores were 1.00 ± 0.00 (Non-TG-Sham, *n* = 6), 1.67 ± 0.82 (TG-Sham, *n* = 6), and 2.80 ± 0.45 (TG-Blast, *n* = 5; [Fig. 4](#i1552-5783-60-7-2716-f04){ref-type="fig"}). Compared to TG-Sham mice, TG-Blast mice had significantly more ON damage (*P* = 0.048, nonparametric Mann-Whitney test) as determined by naïve evaluators. There was no significant difference in ON damage between Non-TG-Sham and TG-Sham mice.

![Variable optic nerve damage in APP/PS1 transgenic (TG) mice is exacerbated by exposure to blast. Qualitative analyses of nerve damage in paraphenylenediamine (PPD)-stained histologic cross sections of optic nerve from TG-Sham and TG-Blast mice. Representative light microscopy images of optic nerve at (A--C) low (10× objective, 100× total magnification) and (D--F) high magnification (100× objective, 1000× total magnification). There is a decrease in the density of myelinated axons in nerves from TG-Sham compared to Non-TG-Sham mice (E versus D) and TG-Blast compared to TG-Sham mice (F versus E). Also note the increased prevalence of damaged axons (PPD stains the myelin sheath of intact axons and the axoplasm of damaged axons) in TG-Blast compared to TG-Sham mice (F versus E) and TG-Blast compared to Non-TG-Sham mice (F versus D). Scale bars: 100 μm (A--C) and 5 μm (D--F). (G) Stacked bar graph showing the percentage of optic nerves with the indicated damage grade for each cohort of mice using an established qualitative damage grading scale, whereby increasing values represent increasing damage severity (1 = no to mild damage \[white\], 2 = moderate \[gray\], 3 = severe \[black\]). Each bar represents the percentage of nerves with each damage grade for each cohort of mice: Non-TG-Sham (n = 6 mice), TG-Sham (n = 6), and TG-Blast (n = 5). Statistical significance was assessed using a nonparametric Mann-Whitney test. Asterisk represents a P \< 0.05.](i1552-5783-60-7-2716-f04){#i1552-5783-60-7-2716-f04}

Analysis of RGC Density and Aβ/APP Immunoreactivity in Brain and Eyes {#s3f}
---------------------------------------------------------------------

No amyloid deposits or plaques of fibrillar Aβ (assessed with X-34 or Aβx-40 and Aβx-42 immunoreactivity) were seen in retina whole mounts from TG-Sham and TG-Blast mice. Aβ/APP (6E10 or 4G8) immunoreactivity was detected in retinal blood vessels and perivascular cell-like profiles in the ganglion cell layer as well as inner and outer plexiform layers in retina cross sections of TG-Blast mice ([Figs. 5](#i1552-5783-60-7-2716-f05){ref-type="fig"}A, [5](#i1552-5783-60-7-2716-f05){ref-type="fig"}B). Retinal ganglion cell densities in each group were quantified in retinal cross sections 2 months after blast or sham exposure. We detected lower RGC density in TG-Blast mice (11.63 ± 1.32) compared to Non-TG-Sham mice (22.67 ± 1.74) (*P* \< 0.05, 1-way ANOVA with Bonferroni\'s multiple comparison test) ([Fig. 5](#i1552-5783-60-7-2716-f05){ref-type="fig"}C). There was not a significant difference in TG-Sham (16.38 ± 3.78) mice compared to Non-TG-Sham mice or TG-Blast mice (*P* \> 0.05, 1-way ANOVA with Bonferroni\'s multiple comparison test). Aβ-immunoreactive plaques were detected in all transgenic (TG-Sham and TG-Blast) mice, while no plaques were detected in Non-TG mice. Two months after blast or sham procedure, there was a trend for greater plaque load in the TG-Blast group compared to the TG-Sham group when the Aβ/APP 6E10 antibody was used (Mann-Whitney *U* = 56, *P* = 0.08), and similar but weaker trends when C-terminal neoepitope antibodies were used ([Fig. 5](#i1552-5783-60-7-2716-f05){ref-type="fig"}D). Similar results were obtained using histology with the pan-amyloid marker X-34 (not shown). No difference in plaque load was detected when primary and association visual cortex and remaining neocortex were analyzed separately in both TG-Sham (visual versus nonvisual: 0.295 ± 0.14 vs. 0.230 ± 0.17) and TG-Blast mice (visual versus nonvisual: 0.781 ± 0.23 vs. 0.812 ± 0.21). When separating mice by sex, overall plaque load values in female mice were higher than in male mice in TG-Sham (0.469 ± 0.12 and 0.319 ± 0.24) and TG-Blast (0.898 ± 0.40 and 0.860 ± 0.33, respectively) groups; neither difference was significant by Mann-Whitney *U* test.

![Retinal ganglion cell loss in APP/PS1 transgenic (TG) mice. Analyses of retinal cross sections show Aβ/APP immunoreactivity (brown color) in different layers of retina and more pronounced in TG-Blast compared to TG-Sham mice (A, B). RGC density is lower in TG-Blast mice compared to Non-TG-Sham mice (C, P \< 0.05, 1-way ANOVA with Bonferroni\'s multiple comparison test). There was not a significant difference in TG-Sham mice compared to Non-TG-Sham mice or TG-Blast mice (P \> 0.05, 1-way ANOVA with Bonferroni\'s multiple comparison test). Amyloid plaque load in the cerebral cortex of TG-Sham and TG-Blast mice, as percent area immunoreactive with an Aβ/APP antibody 6E10 and two Aβ antibodies directed toward neoepitopes at C-terminal amino acid 40 (valine, Aβx-40) or C-terminal amino acid 42 (alanine, Aβx-42). Plaque load values in each group were not normally distributed (D\'Agostino and Pearson normality test, P \< 0.01); consequently, for each antibody type, TG-Sham and TG-Blast groups were compared using the Mann-Whitney t-test. The greater 6E10 plaque load in TG-Blast mice was not statistically significantly different from the TG-Sham group (Mann-Whitney U test = 56, P = 0.08). Similar though weaker trends were observed when Aβx-40 (P = 0.0956, Mann-Whitney t-test) and Aβx-42 (P = 0.1444, Mann-Whitney t-test) were used to mark plaques (D). Scale bar: 35 μm.](i1552-5783-60-7-2716-f05){#i1552-5783-60-7-2716-f05}

Discussion {#s4}
==========

The purpose of this study was to explore the interaction between genetic predisposition for AD-like brain amyloidosis and blast wave--induced TBI on structure and function of the visual sensory system as well as CNS (cerebral cortex and retina) amyloidosis in adult transgenic APP/PS1 mice. These mice are genetically modified to overexpress the APP and overproduce Aβ peptide and exhibit age-related cerebral amyloidosis between ages 5 and 6 months,[@i1552-5783-60-7-2716-b33] with amyloid deposits reported in the retina of old mice (12--19 months).[@i1552-5783-60-7-2716-b45] Mice used in this study were exposed to blast TBI at 2 to 3 months of age and evaluated 2 months later (at age 4 to 5 months) and were at the earliest stage of amyloidosis at the time of evaluation. This age was chosen to determine if blast TBI in early life accelerates amyloid pathology, a process that might be masked in older mice with existing severe amyloid burden. Active service members exposed to blast TBI are typically young adults; thus use of young adult mice in this study is applicable to individuals with a history of blast TBI in their young adult years.

The experiments reported here begin to provide information about how the interaction between genetic predisposition for amyloidosis (excess APP expression and autosomal dominant mutations in the presenilin gene, resulting in early-onset AD) and blast exposure influences visual system structure and function and brain amyloid pathology. Our results demonstrate chronic impairment of visual and coordinated motor function as well as moderate enhancement of brain amyloidosis 2 months after blast TBI in young adult APP/PS1 mice. PERG decrements, ON degeneration, decrease in the RGC complex thickness, and decreases in coordinated motor function were seen in APP/PS1 mice exposed to blast TBI compared to the sham-exposed transgenic littermates. A common result of blast injury is combat ocular trauma (up to 43%)[@i1552-5783-60-7-2716-b46] and there is a strong association between cranial and ocular injuries in military personnel,[@i1552-5783-60-7-2716-b47] yet closed-eye injuries associated with TBI are often overlooked. In addition to widespread axonal damage in the brain,[@i1552-5783-60-7-2716-b48] blast injury induces pathological changes and functional deficits in the retina, ON, and brain areas subserving sensorimotor and behavioral/cognitive processes. The mechanism of blast injury damage on the visual system is not clearly understood.[@i1552-5783-60-7-2716-b46] It is also unknown if retinal and ON functional responses may serve as biomarkers for brain dysfunction and degeneration, in addition to visual dysfunction, in veterans with a history of blast TBI.

The retina has been explored recently as a "window" to brain amyloidosis in AD,[@i1552-5783-60-7-2716-b49] and direct imaging of amyloid plaques is currently being explored in living patients.[@i1552-5783-60-7-2716-b50],[@i1552-5783-60-7-2716-b51] Structural and functional changes in the retina/ON (independent of presence of amyloid) have also been considered as biomarkers for AD. Recent studies in a mouse AD model reported that deficits in retinal physiology and visual evoked potentials precede other brain and cognitive deficits, which suggests that this measure is particularly sensitive to dysregulation in AD.[@i1552-5783-60-7-2716-b52] Analysis of patients with AD suggests that the retina undergoes significant remodeling during the course of the disease, with both increases[@i1552-5783-60-7-2716-b53] and decreases[@i1552-5783-60-7-2716-b54],[@i1552-5783-60-7-2716-b55] in retinal thickness observed using OCT. AD patients also have profound changes in oxygen metabolism,[@i1552-5783-60-7-2716-b56] and an overall decrease in the retinal vasculature density,[@i1552-5783-60-7-2716-b57] which may contribute to or result from abnormal functional and structural retinal outcomes in this disease. It is possible that the RGC functional loss on the PERG response analysis was related to the observed reductions in density of ganglion cells (see [Fig. 5](#i1552-5783-60-7-2716-f05){ref-type="fig"}).

The primary outcomes used in this study were PERG and inner retinal layer thickness using OCT. These outcomes were chosen because they are direct measures of function and structure of an individual class of neurons, the RGCs. A notable result from our study was the reduced effect of blast exposure on APP/PS1 WT littermates compared to our previously published studies using C57BL6/J mice with respect to PERG and SD-OCT outcomes.[@i1552-5783-60-7-2716-b14],[@i1552-5783-60-7-2716-b34],[@i1552-5783-60-7-2716-b58] In our previous study using WT C57Bl6/J mice, PERG responses decreased an average of 23%, while the RGC complex thickness decreased an average of 6%. In this study the PERG of APP/PS1 WT littermates decreased an average of 20% with a 1.2% decrease in OCT thickness. The baseline OCT thickness was 74 μm, compared to 68-μm baseline for C57Bl6/J mice. These differences may help to explain the relative lack of effect of blast injury on Non-TG-Blast mice, which may be useful to explore in future studies. APP/PS1 transgenic mice had an overall larger response to injury compared to WT littermates or previously studied WT C57Bl6/J mice, with an average group decline of 27% for PERG responses and 16% for RGC complex thickness. These declines may be due to a greater sensitivity of neurons in the APP/PS1 mice to be damaged by blast, an exacerbation of molecular processes causing neuronal degeneration, or both.

Our qualitative analyses of ON phenotypes indicate that adult APP/PS1 mice develop mild nerve damage by 5 months of age that can be exacerbated by blast TBI. In addition to grading the severity of damage in ONs using an ordinal scale,[@i1552-5783-60-7-2716-b43],[@i1552-5783-60-7-2716-b44] visual inspection of PPD-stained ON cross sections revealed overt features of damage from blast TBI compared to sham controls. These features included increases in the relative proportion of damaged axons (i.e., PPD stains the axoplasm of damaged axons), gliosis (i.e., increased prevalence and hypertrophy of glial cells), and areas of nerve devoid of myelinated axons. In comparing ONs from sham mice differing only by genotype, we observed mild to moderate degrees of axon damage and gliosis in nerves from TG-Sham mice compared to those from Non-TG-Sham controls. Among nerves from TG mice, we observed a striking increase in the prevalence of damaged axons, an increased proportion of nerve area (cross-sectional) devoid of myelinated axons, and more severe gliosis in TG-Blast mice compared to TG-Sham controls. These results demonstrate that APP/PS1 mice develop mild phenotypes of ON damage that are exacerbated by blast TBI.

In addition to our primary functional and structural outcomes that analyze one type of retinal neuron, we also utilized two outcomes that rely on neuronal circuits and networks. The pupil light reflex (PLR) was used as an indicator of overall retinal and ON function, although the decrease observed in the current study could have resulted from damage to axons in cranial nerves II or III, or neuronal synaptic partners in the pretectal nucleus, Edinger-Westphal nucleus, or ciliary ganglion. Based on the overall level of ON/myelin damage observed in the TG-Blast group it is not surprising that a deficit was observed. It is worth pointing out that WT C57Bl6/J mice analyzed in our previous study had PLR deficits for only 1 day, although ongoing ON degeneration occurred for up to 10 months. This suggests that the interaction of genetic predisposition for amyloidosis may cause more severe functional visual impairment than in WT mice. The second outcome that we chose to examine was the balance beam test. This test of coordinated motor function relies on the integration of multiple sensory and motor neuronal networks. Declines in motor function have been shown to occur in patients before cognitive symptoms of AD manifest clinically.[@i1552-5783-60-7-2716-b59] In our study we observed significant decreases in coordinated motor function in TG mice receiving blast injury. The worsening of motor function observed in TG-Blast compared to TG-Sham was not seen in our study of WT mice.[@i1552-5783-60-7-2716-b14] TG mice also had decrements in the PLR response, PERG response, and a decrease in the superior SD-OCT RGC complex, all before a significant increase in Aβ plaques was observed. Taken together, these data suggest that these responses alone or in combination may have greater sensitivity to detect patients with amyloidosis when compared to currently used methods.

The effects of blast TBI on amyloid pathology in adult APP/PS1 mice were modest at 2 months after injury. At this time point, amyloid load in cortical brain regions of TG-Blast mice was modestly higher relative to TG-Sham counterparts, suggesting that in autosomal dominant familial AD mutation carriers (i.e., PSEN1, PSEN2) or APP mutation carriers and subjects with Down syndrome, blast injury (and possibly other forms of head trauma) could exacerbate or accelerate the disease process. However, aside from infrequent intracellular and vessel-associated APP/Aβ immunoreactive profiles, we did not detect Aβ-immunoreactive or X-34--labeled amyloid plaque deposits in retinas from TG-Blast or TG-Sham mice, possibly due to the early age at which mice were analyzed. This makes it unlikely that observed changes in structure and function of the retina after blast TBI were due to local amyloid deposition. Instead, soluble oligomeric Aβ or gliosis independent of human Aβ could underlie retinal dysfunction. Reports of retinal amyloid pathology have been inconsistent in the literature. Several studies used thioflavin-S histology or Aβ/APP IHC and reported only diffuse extracellular or intracellular signal, primarily in the RGC layer, but no evidence of retinal amyloid plaques in APP/PS1 mice up to 27 months of age.[@i1552-5783-60-7-2716-b60][@i1552-5783-60-7-2716-b61]--[@i1552-5783-60-7-2716-b62] However, small (\<5 μm) Aβ-immunoreactive plaque-like deposits were reported in retinas of \>10-month-old APP/PS1 mice,[@i1552-5783-60-7-2716-b45],[@i1552-5783-60-7-2716-b63],[@i1552-5783-60-7-2716-b64] and curcumin-labeled radial glia-like cells in retina were also Aβ/APP immunoreactive (antibody clone 4G8---labels both APP and Aβ) in 2.5- to 5-month-old transgenic APP mice. Compared to studies reporting retinal Aβ-immunoreactive accumulates, the APP/PS1 mice we analyzed were younger (5--6 months old versus \>10 months). However, our observation of vessel-associated profiles immunoreactive for APP/Aβ in retina of young APP/PS1 mice, together with the report of curcumin uptake and Aβ/APP immunolabeling in retina of 2.5-month-old transgenic APP-overexpressing mice,[@i1552-5783-60-7-2716-b63] supports the idea that intracellular Aβ precedes amyloid plaques in the APP/PS1 mouse.[@i1552-5783-60-7-2716-b65]

In naïve (no injury) APP/PS1 mice, memory impairment begins around age 7 to 8 months,[@i1552-5783-60-7-2716-b66],[@i1552-5783-60-7-2716-b67] later than the age at completion of our current study (4--5 months of age). Thus, the APP/PS1 mice we examined in this study could be considered a model of preclinical AD, similar to amyloid positivity preceding the onset of clinical symptoms in humans at risk for AD. It will be important to determine in future studies if blast TBI accelerates the onset of memory impairment in APP/PS1 mice, and if retinal degeneration continues to progress as amyloid burden increases. The contribution of RGC loss and ON pathology to amyloid pathology in contralateral visual cortex was not assessed in the current study, as our analyses of retina and cortex ipsilateral to blast exposure was aiming to determine the effects of blast injury on cerebral cortical amyloidosis in general, independent from potential degeneration of multiple crossed sensory pathways. Future studies will focus more specifically on the interactions of sensory system trauma due to blast exposure on brain amyloidosis in all components of the visual pathway including visual cortex.

In conclusion, our study indicates that blast TBI facilitates progression of amyloid pathology and supports the potential utility of retinal functional (PERG, cPLR) and structural (SD-OCT) analyses as tools to evaluate the visual system impairment associated with this condition, even before the development of significant plaque pathology in the brain. Because we demonstrate chronic effects of blast injury on both retinal physiology and structure as well as amyloid load, new translational biomarker development studies could focus on combined assessments of retinal function and brain amyloidosis by positron emission tomography imaging in aging veterans with past exposure to blast TBI.
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